Introduction
Additive layer manufacturing (ALM) has been used for more than 30 years and is now widely used for various materials [1] [2] [3] [4] . Although there are many types of production machines, they are all similar, in the sense that they produce three-dimensional shapes by combining a number of two-dimensional slices. In recent years, ALM has been developed for "rapid manufacturing" of metallic components using, electron beam melting (EBM), direct laser fabrication (DLF), and selective laser melting (SLM) [5, 6] . Aerospace manufacturers are focusing on the SLM powder-bed technology for Ti-alloy and Ni-superalloy components [7, 8] where the potential cost reduction, fewer steps in the production process and designfreedom are among the factors driving this technology. There has been an increasing number of reports on ALM of Al-alloys recently, because of the demand from the industrial field for lightweight structures with complex geometries [6, 9] .
AlSi10Mg alloy is a traditional cast alloy that is often used for die-casting. Because of its high strength and good mechanical properties, this alloy has been widely used in the automotive and aerospace industry. Because of its near eutectic composition of Al and Si, it has good weldability. Mg plays an important role in age hardening as  and Mg 2 Si (-phase) [10] . Recently, various reports have been published of the microstructure using a processing parameter study of SLM-fabricated AlSi10Mg [11, 12] .
There are many factors that affect the final quality of the SLM samples, including the feedstock material characteristics (powder size, morphology and size distribution). The laser heat input is another source important parameter, as it controls the degree of consolidation of the powder particles, or could potentially aggravate defect formation by creating turbulences in the melt pool that can form a keyhole-like defect in the extreme conditions. One of the approaches to represent the laser heat input is using the energy density function  [6] , which is given as
where P and v are respectively the laser power and scan speed, h is scan spacing, and t is layer thickness. Some studies [3] used the energy density concept to correlate the porosity development with the heat input, but the trend was generally inconsistent, although it identified an optimum energy density level where the build density was the maximum.
Alternatively, the use of design of experiments (DOE) techniques such as the Response Surface Method, and statistical analysis using the analysis of variance (ANOVA), have been shown to be useful approaches to study the effect of many parameters in material processing applications. Response Surface design of experiment and ANOVA technique have been used for the significance of selective laser sintering (SLS) process variables on surface roughness [13] . Similarly, Carter [14] used response surface method and ANOVA techniques to optimise SLM for CMSX-486 Ni-superalloy, by studying the impact of the process parameters (laser power, scan speed, scan spacing and island size) on crack density and porosity fraction.
This paper focuses on the influence of SLM parameters for fabricating AlSi10Mg. Statistical experimental design was adopted to optimise the process parameters to minimise the defects (pores or cracks). Mechanical tests were performed on samples manufactured using optimised parameters that gave minimum porosity and voids. In this paper, the term "pore" includes spherical pores and irregular voids that are observed in the laser processed samples. The influence of the build orientation (vertically and horizontally built samples) on the tensile properties was investigated. In addition, high temperature mechanical (creep) properties were also measured for horizontally built samples.
Experimental Details

Material
The AlSi10Mg powder, the composition of which is shown in Table 1 , was supplied by LPW Technology Ltd. The size range was 20 -63 m, as measured using Coulter LS230 laser diffraction particle size analyser. Figure 1 (a) shows a Scanning Electron Microscope (SEM) micrograph of the powder. It is obvious that the powder particles are not spherical. The particles show a very irregular morphology, with many small irregular satellite particles attached to the big particles. These irregular shape with small satellite particles were observed elsewhere [15, 16] . The particle size distribution affects the powder flowability for in powder bed systems, as well as their melting behaviour [6] . Figure 1 (b) shows the size distribution of the powder, which had an average particle size of ~35 m. The slightly unsymmetrical distribution is potentially caused by the irregular powder morphology, and the potential agglomeration of the powder particles during the measurement. Despite the irregular morphology, the powder had a reasonable flowability and Hausner's ratio for SLM.
Statistical Design of Experiment (DoE) using Response Surface
The response surface methodology is a statistical technique to generate an experimental design to find an approximate model between the input and output parameters, and to optimise the process responses (e.g. towards a maximum and a minimum). It is a collection of statistical and mathematical methods that are useful for modelling and analysing engineering problems. In this technique, the main objective is to optimise the response surface, which is influenced by various process parameters. The response surface Y can be expressed by a second order polynomial (regression) equation as shown in equation 2.
The experimental design procedure using the response surface methodology can be summarised as follows:
 Identification of the key process parameters.
 Selection of the upper and lower limit of the process parameters.
 Selection of the output response.
 Developing the experimental design matrix.
 Conducting the experiments as per the design matrix.
 Recording the output response.
 Developing a mathematical model to relate the process parameters with the output response.
 Optimising that model using genetic algorithm. .
SLM
All specimens were fabricated using a Concept Laser M2 Cusing  SLM (laser powder-bed) system. The M2 system has a Yb-Fibre laser, with laser power up to 200 W, 150 m laser track width, with laser scan speed up to 7000 mm/s. All specimens were built using a Zincrement (vertical) of 30 m. All processing was carried out in an Argon atmosphere with an oxygen-content <0.1%. An "island scanning strategy" was adopted to fabricate specimens [17] , in which the filled layer is divided into several square (islands) with each island being built randomly and continuously. Inside each island, the laser is raster-scanned individually.
After selective melting the islands, laser scans are carried out around the perimeter of the layer to improve the surface finish. For each subsequent layer, these islands are translated by 1 mm in the X and Y-directions, as illustrated in Figure 2 . The aim of the island deposition strategy is to balance the residual stresses in the build [18] .
Sample build and preparation
To perform the DoE and parametric optimisation, 27 parametric combinations were used to fabricate samples using a fractional factorial DoE. All samples were 10 mm × 10 mm × 10 mm cubes. Since Concept Laser M2 uses a dimensionless number hatch spacing a1 instead of scan spacing, a1 parameter was used for this study. a1 is defined as, a1 (Hatch spacing) = Scan spacing h/ laser track width (constant, 150m) Table 2 shows the range and levels of the investigated key process variables.
Porosity and Microstructural Analysis
To characterise the area fraction and density of cracks and/or pores in the material, all samples were cut in the transverse direction (X-Y plane) 3 mm from the top of the build, mounted in conducting Bakelite, and polished to a 0.05 m finish. Samples were analysed using a Zeiss Axioskop microscope, with an Axioskop 2 ® image analyser and AxioVision ® software. For each sample, 25 images were collected from the centre. Image threshold was applied to determine the porosity content (porosity %), using ImageJ Software [19] . Table 3 summarises the findings of porosity % and the parametric combinations. No solidification cracks were observed, which was expected as AlSi10Mg alloy is has a generally low crack sensitivity [16] , although oxide film crack-like features were observed. The microstructure of the samples was examined in a JEOL 6060 scanning electron microscope (SEM), equipped with a back-scattered electron (BSE) detector, and operated at 20 kV.
Mechanical testing
Rod-shape samples were fabricated using the optimised parameters that produced the lowest porosity. Samples were built vertically and horizontally, as shown in Figure 3 . In the 'vertical' 
Results and discussion
ANOVA results
The response surface for porosity is a function of laser power (P), scan speed (v), hatch spacing (a1), and island size (Z) and can be expressed as follows:
where b o is the average response, and b 1 , b 2 ,.....,b 10 are the model coefficients that depend on the main and interaction effects of the process parameters. The value of the coefficients for the porosity is shown in Table 4 . The R 2 -value, a measure of model fit, showed that each of the models described the relationship between the process parameters and porosity was 0.87.
The ANOVA indicates that, within the investigated range of parameters, the porosity is mainly affected by laser power, scan speed and the interaction between the scan speed and hatch spacing. The island size was found unlikely to have any influence on porosity. Figure 4 shows the response surface model prediction of porosity with respect to laser power and scan speed. It shows that decreasing the laser power and increasing the scan speed both result in an increased porosity. The influence of the laser power on porosity formation appears to be more significant at high scan speeds, and likewise the influence of the scan speed is more significant at lower laser power. A reduction in the laser power and an increase in the scan speed both have the effect of reducing the energy input into the material, as such these will result in the reduction of the melt pool which will lead to the formation of porosity due to the incomplete consolidation, and may ultimately lead to the breakdown of the SLM process. The relationship between energy input and porosity was also considered in Ti-alloys [22] . Figure 5 shows the interaction effect between the scan speed and hatch spacing on the porosity. A low hatch spacing a1 of 0.35 appears to eliminate the effect of the scan speed on the porosity; whereas a high hatch spacing a1 of 0.65 significantly increases the effect of scan speed on porosity fraction. Likewise, an increase in the hatch spacing will ultimately result in porosity formation due to the lack of sufficient overlap between the laser scan tracks, leading to incomplete consolidation. Since the laser power, scan speed, and hatch spacing can individually control the heat input, it is conceivable that porosity formation can be mitigated using one of these parameters (within the investigated process window) to increase the heat input (e.g. use slow scan speed to fully consolidate the melt pool). It is important to state that these deductions are only valid within the investigated process window, since other mechanisms for porosity formation (e.g. melt pool turbulence or evaporation) could be triggered outside the investigated range. By considering the results presented in Figure 4 and Figure 5 , it can be seen that in order to eliminate or minimise the porosity within the material, a high laser power, at low scan speed with a small hatch spacing should be used.
Process Optimisation
During the optimisation, the objective function was set to minimise the porosity. The genetic algorithm was used to predict the process parameters based on the objective function. The equations modelling the response of porosity with respect to the four key process parameters (shown in equation 3 and the related coefficients listed in Table 4 ) were solved simultaneously. Figure 6 shows the contour plot for the optimisation function to obtain minimum porosity for a range of laser powers and scan speeds. Kempen et al. [11] suggested optimum process parameter of 200 W, 1400 mm/s, with scan spacing 105 m. Additionally, Brandl et al.
[23] used 250 W, 500 mm/s, 150 m scan spacing, with 50 m layer thickness to achieve defect-free SLM of the AlSi10Mg alloy.
Validation build
To confirm the relationship between the predicted optimum parameter sets and porosity, 5
samples were built using the optimised parameters. Table 5 shows the set of predicted parameters and the measured porosity. Figure 7 shows micrographs for samples D and E. In sample D, irregular shaped voids (some of them are 200-300 m in size), rather than spherical, but the overall level of these irregular voids was very low. The irregular pores are most likely caused by improper powder spreading, especially as they were infrequent. Figure 8 shows the tensile test results of horizontal and vertical samples together with data from die cast samples [24] . All samples were built using the parameters set E, shown in Table   5 . There is no major influence for the build orientation on the tensile properties, although the horizontal samples show ~10% high strength. Figure 9 shows have been observed in the SLM of AA6061 [16] . The influence of these un-bonded regions on the tensile properties is small, because their effect on the reduction of the load-bearing cross section is small, but these defects may influence fatigue properties, especially if they are formed near to the surface. Figure 11 shows micrographs of the irregular voids. From the EDX data obtained from the areas arrowed in (b), it appears that area 2 is very high in oxygen, suggesting that this irregular void is associated with the presence of an oxide layer which prevented bonding. The analysis for oxygen, particularly on a rough surface, will not be quantitatively accurate, but the large difference between area 2 and other areas is considered as highly significant. Figure 12 shows a plot of porosity versus the energy density for the data previously provided in Table 2 . The red dot indicates the predicted optimum parameter, E, previously provided in Table 5 . The graph shows that at low energy density (<50 J/mm 3 ) corresponds to a high porosity due to the lack of consolidation. The porosity content then decreases with increasing the energy density. This result supports the energy threshold for the full consolidation shown by Figure 5 . However, when the energy density exceeds approximately 60 J/mm 3 , the porosity content starts to scatter beyond that level until 120 J/mm 3 . In this region other defects, such as keyhole formation (due to vapourisation), have been observed within the material. Olakanmi also indicated that there is a certain threshold energy density that gives maximum material density, which is 60-75 J/mm 3 for Al, Al-Si and Al-Mg alloys [15] . Further in depth studies would be required to understand the factors governing this threshold level in various materials.
Mechanical tests
Rationalising the Porosity Formation Using the Energy Density
Conclusions
This study has shown the following:
 A statistical method has been used to evaluate the influence of process parameters on the porosity of SLMed AlSi10Mg, which shows the trends of porosity in the SLM fabricated samples.
 There is a critical energy density point that gives the minimum pore fraction for this alloy, approximately 60 J/m 3 .
 The build direction does not strongly influence the tensile or creep strength of SLMed
AlSi10Mg. Both building directions show higher strength than die cast A360, although the elongation is inferior to that of A360.
 Fracture surfaces show the presence of significant amounts of un-melted powder, which give rise to local cracking. Further work is required to see if it is possible to eliminate these regions. Table 3 , and the circle shows the predicted parameter E, shown in Table 5 .
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